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LASER PROBE VAPORIZATION/OXIDATION TESTING OF HIGH TEMPERATURE
CCMPOSITES

1.0 SUMMARY OF PHASE I ACCOMPLISHMENTS

The objectives of the laser probe 1nvestigatioﬁ of
vaporization/oxidation processes of high temperature composite materials
were, first, to establish that this technique could provide meaningful
data on vapor phase species in the near-surface environment of high
temperature composite materials, second, to correlate these observations
with changes in microstructure, third, to demonstrate the capability of
the laser probe technique to produce useful characterization of bulk
materials using microscale samples, and fourth, to carry out modeling to

predict and/or explain the degradation reactions observed.

Using c.w. HF laser to heat the sample and a frequency doubled dye
laser to monitor the $10 A-X transition, the laser probe clearly
demonstrated the evolution of S10 under conditions of active oxidation in
reference samples of high purity SiC and 313N4. in a SiC/SiC composite.
and in both SiC- and SijN,~ coated carbon/carbon composites. Similarly,
under passive oxidation conditions S105 films were formed which,
depending on the material homogeneity and thermochemical stability,
provided varying degrees of oxidation protection. These tests were all
carried out on samples of the order of 3 mm square and 1 mm thick. SEM
examination of pre-~test and post-test samples of each material showed
clear changes in surface morphology under the different conditions of
active and passive oxidation. Both the active and passive oxidation
results are in general agreement with the expectations from
thermochemical and kinetic modeling.

The technique provides a rapid and convenient way to vary the
temperature at a constant oxygen partial pressure within the active
oxidation regime. Therefore, if the processes responsible for active
oxidation are gas phase mass transport controlled, only a small and
predictable variation of the rate would be expected. If, however, the




processes are controlled by a chemical reaction, then this process should
show a substantial heat of activation and the oxidation rate should show
a4 strong temperature dependence. Other laser frequencies or
complimentary techniques such as mass spectrometry could be used to
follow the degradation of other constituents, such as boron-based

inhibitors or active oxidation of carbon.

Section 2. describes the materisls examined in this study. Sections
3. and 4. describe the laser probe technique, present the laser probe
test results for samples at varying oxygen pressures and observations on
the pretest and post-test surface morphology examinations. Section 5.
considers the correlation of the observations with modeling predictions.
Section 6. summarizes the results of the study and presents
recommendations for extension of laser probe investigations of high
temperature materials. Appendix 1 presents the underlying modeling
considerations, and Appendix 2 presents a one dimensional heat transfer
analysis carried out to characterize the expected thermal behavior of

samples under laser heating.
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2.0 MATERIALS SELECTION

Six experimental materials and one reference material ‘pure "Si0’)

were utilized in the Phase 1 program.
follow:

I.D.

Material

MS1

MS2 |

MS3
MSé

MS7

MS8

NC430 High Purity SiC
NC432 High Purity SisN,

S.E.P. S1C/S1C Composite
Resin-Densified, Boron-Inhibited
Carbon-Carbon Composite
Same as MS6 but with CVD SiC
Coating (Chromalloy)

LTV ACC-4 Carbon-Carbon Substrate
with CVD Si3N4 Coating

The experimental materials were as

Supplier

Norton

Norton

Williams International
G.A. Technologies

G.A. Technologies

United Technologies

Research Center

Three other materials were procured but not tested in this program
B.F. Goodrich boron-inhibited, CVD-densified carbon-carbon with and
without a CVD SiC coating (redundant with MS6, 7) and Babcock and Wilcox
A1IN-SiC/BN hot pressed composite (eliminated on the basis of PRDA

contract results).

Samples were generally diamond saw cut to either a square or round

shape, 2-3 mm on & side or diameter, and about 1 mm in thickness. A

comparison of the pre- and post-test microstructural characterization of

each material is presented in section 4.3.




3.0 DETECTION of $10 FROM LASER HEATED SAMPLES
3.1 EXPERIMENTAL APPROACH

Our experimental approach to in situ direct absorption gas phase
monitoring of S10 generated from the test samples above entailed 4 distinct
steps:

1) generation of the appropriate wavelength light for detection of the Si0
A - X electronic transition, discussed in Section 3.2.

2) detection of 510 by direct absorption in a carbon furnace, discussed in
Section 4.1,

3) detection of Si0 generated from a laser heated S10 sample, discussed in
Section 4.2,

4) detection of Si0 from the laser heated model test samples (MS1-3, MS6-8),
discussed in Section 4,3.

"Pure S10" (99.95%, 3/8 + 10 mesh size) was obtained from Alfa Products.
No detalled pre-test properties of any of the materials were conveyed to us.
Therefore, we proceeded empirically through the entire laser heating portion
of this work. Additionally, a consultant, Dr. Marshall Sparks (BDM Corp.)
was employed to model these "1 dimensional" heating experiments. His
results, applicable to the experiments described in section 4.3, help predict
the final temperature of small target samples under cw laser irradiation. 1In
rart, his results state: if a) the transmittance of the target is zero, b)
the thermal time constant for thermal diffusion over the target radius and
target thickness are short with respect to the heating time, and c) the
absorptance and emittance are from very thin surface layers, then the final

temperature of the sample is given by:

Ty = (P/€0gAg) /"

where P is the absorbed laser power, € is the reradiation emittance (< 1), Og

1s the Stefan-Boltzmann constant and Ay is the sample surface area.

el




3.2THE A - X ELECTRONIC TRANSITION of $40

The S10 A - X electronic transition (Reference 1) is composed of several

vibrational transitions, and each vibrational transition is composed of three

rotational branches: P (AJ = -1), Q (AJ = 0), and R (AJ = +1). Each
rotational branch is composed of many rotational lines. Figure 1 shows a
computer simulated Si0 spectrum for the (0,0) vibrational band. The top
three panels show the individual P, Q, and R branches; the bottom panel shows
the entire A - X (0,0) band (P, Q, and R branches convoluted together).
Indfvidual line intensitfes were calculated by multiplying the Hénl - London
line strength factor (Reference 2) by the the Boltzmann population for each
lower rotational quantum state. This simulated spectrum was generated from
rotational constants that are a "best fit" (Reference 1) to experimental line
positions, and therefore, 1is not totally accurate. For example, 1line
positions for large J values (J > 60) may be substantially (0.5 cm™!) off, and
the "pile - ups" (positions where 2 or more rotational lines have nearly the
same central frequency, thereby appearing as a single intense absorption) may
be shifted to some other wavelength location.

As a matter of convenience, we have chosen to record Si0 spectra in the
A -X (0,0) Q(18), P(13), and R(26) wavelength reglon located at

approximately 42,606 cm™?, This convenience arises, in part, from the chance
wavelength coincidence between the Si0 Q(18) absorption 1line (at 2w =
42,606.86 cm"!, or @ = 21303.43 cm™!) and an intense tellurium absorption line
(at @ = 21303.47 cm"!). The tellurium absorption line(s) provide absolute
wavelength calibrations for the computer controlled laser absorption
spectrometer (CCLAS, described below). Figure 2 shows a higher resolution

plot of the computer simulated Si0 (0,0) spectrum in this wavelength region.

Experimental line positions (Reference 1) were used to convolute this high
resolution simulated spectrum.




SiI0O A—X (0,0) Simulated Spectra
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Figure 1l: Simulated Si0 A - X (0,0) electronic transition.
Intensities were calculated from the Boltzmann distribution at
1600 C and the Hdnl - London line strength factors; a 0.20 cm’!
FWHM Lorentzian lineshape was imposed on each rotational 1line.
The top 3 panels show only the P branch, Q branch, and R branch,
respectively; the bottom panel shows the entire convoluted
spectrum. Rotational <constants for this simulation were
calculated from a "best £it" to experimental 1line positions
(Reference 1). See Figure 2 for a higher resolution plot and
labels of individual rotational transitions.
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Figure 2: Simulated high resolution plot of the Si0 A - X (0,0)

electronic transition from 42604 cm™! to 42608 cml. Rotational
line intensities were calculated from the Boltzmsnn distribution
at 1600 C and the H3nl - London line strength factors; a 0.20 cm!
FWHM Lorentzian lineshape was imposed on each rotational line.
Experimental line positions were taken from Reference 1.




3.3 FREQUENCY DOUBLING TO 235 nm for S10 DETECTION

In order to detect the A - X electronic transition of Si0 by direct
absorption, tunable 1light around 235 nm had to be generated. This was
accomplished by frequency doubling a tunable, narrow bandwidth ring dye laser.
The experimental apparatus, a computer controlled laser absorption
spectrometer (CCLAS), is shown schematically in Figure 3. A krypton ion
laser (4.5 W, all lines violet) pumped coumarin 460 dye in the ring dye laser.
Approximately 400 mW was output coupled from the ring dye laser and optimally
focussed by a 100 mm focal length lens into a 65 degree z-cut beta barium
borate crystal (BBO, obtained from CSK, Co.). The fundamental and frequency

doubled ligh~ were separated by a series of three quartz prisms (i.e., a beam

discriminator); the frequency doubled power was approximately 1.5 - 2uW.

In order to obtaln frequency doubled light, the BBO crystal must be
"phase matched". That 1s, as a function of wavelength, the crystal must be
angle tuned about its z - optical axis in order to generate frequency doubled
light. Without angle tuning the crystal, phase matching still occurs over
approximately a 10 ecm™! interval, With the current setup, a complication for
scanning wavelength ranges larger than 10 cm'! arises from beam walkoff. As
the dye laser wavelength {s changed and phase matching conditions are
maintained by angle tuning the BBO crystal, the frequency doubled light
emerges from the beam discriminator at a slightly different angle thereby
altering the intended path of the frequency doubled beam. Therefore, the
wavelength scanning range was limited to a narrow wavelength range for these

experiments.
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Figure 3: Schematic diagram of the computer controlled laser

absorption spectrometer (CCLAS system) and carbon furnace. A
near single frequency cw tunable dye laser 1is pumped by an ion
laser. CCLAS produces the complete spectrum of wvisible laser

radiation with a wide wvariety of organic dyes. UV 1light 1is
produced by sscond harmonic generation (SHG) by either external
cavity frequency doubling (beta barium borate, BBO, as shown) or
intracavity frequr - doubling (KDP, mnot shown) nonlinear
crystals. For 22 .ction of the Si0 A - X (0,0) electronic
transition, coumr-’:; 460 laser dye was pumped by the all lines
violet output ot a Yr* laser, and the BBO crystal was phase
matched at approxiwr. :' - 58 degrees. Among other diagnostics, a
tellurium absc.pric:. cell monitored the laser wavelength
accurately. An cptical pyrometer was used to measure furnace
temperature. Absorption data was acquired, processed, and
plotted using a microcomputer system,
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4.0 EXPERIMENTAL RESULTS
4.1 CARBON FURNACE EXPERIMENTS

Experiments were first conducted on "pure SiO" to obtain a sample
spectrum of the S10 A - X (0,0) band to verify experimental performance of the
CCLAS system. Due to the phase matching requirements of the BBO frequency
doubling crystal (see section 3.3 above) only a short spectral region could be
scanned before crystal realignment was required. Therefore, wavelength scans
were limited to less than a 10 cm™! range.

An Astro carbon furnace (model 1000-2560-FP20) was modified with custom
top and bottom hearths and heating element made of purified (99.999%) carbon.
A tantalum crucible containing SiO chunks, supported by the bottom hearth, was
positioned in the center of the heated zone. Furnace temperature was
measured by focussing an optical pyrometer on the outside wall of the carbon
heating element; the pyrometer viewed the center portion of the heating
element through a side port oriented perpendicular to the dye laser beam path:

The frequency doubled light was steered along the longitudinal axis of
the furnace; entrance and exit ports were 3" suprasil windows. Transmitted
light was detected and monitored by a UV sensitive photodiode (Hamamatsu
S$1336-5BQ). Blackbody radiation from the furnace was reduced by an optical
filter (Corning 7-54). Chopping the krypton ifon pump beam provided the means
to incorporate phase sensitive detection in all subsequent experiments. The
apparatus 1s shown schematically in Figure 3.

Figure 4 shows a typical scan obtained from CCLAS probing gaseous Si0 in
the carbon furnace. The top panel is the tellurium wavelength reference
spectrum; the bottom panel is the S10 spectrum plotted in percent transmission
vs, wavclength. Note the chance location of the Te reference absorption line
in relation to the Si0O Q(18) absorption line. At a temperature of 1400 C,
the Q(18) line is absorbing almost 100 & of the incident light,

Several differing values of the oscillator strength for the entire Si10
A - X (0,0) vibrational band have been reported in the literature (References

3J -5). An "order of magnitude" absorption cross section, 0, for the

11
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Figure 4: Experimental absorption spectrum of "pure" Si0 heated
to temperature in a carbon furnace. The top plot shows the Te
absorption reference spectrum used to accurately monitor the dye
laser wavelength. The six labeled absorption peaks in the bottom
panel are due tc individual rotational transitions in the (0,0)
vibrational band of the Si0 A - X electronic transition (see
Figures 1 and 2 for computer simulations). The temperature, read
by an optical pyrometer focused on the oyter surface of the carbon
heating element, may be incorrect by approximately 100 degrees
(see text for discussion).
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individual Q(18) rotational line can be estimated from Reference 3 by
considering: 1) the absorption cross section for the entire sio (0,0) band is
approximately 7 X 10" cm?/molecule, 2) more than 400 rotational lines (125
in each P, Q, and R branch) make up the (0,0) vibrational band (see Figure 1),
3) half of the band’s intensity is in the Q branch, and 4) the Q(18) line is
approximately 50% of the average Q branch intensity. Therefore, a rough
estimate of the absorption cross section for the alngle Q(18) rotational
transition is:

g = [7 X 10°7/(400)]) X [2/2]

« 2 X 10°® e¢m?/moleculs.

Percent absorption can be calculated from the equation:

Abs = 1 - exp(-ONL)

where N is the number density (molecules/cm®), L is the path length (cm), and

0 is the absorption cross section (cm?/molecule). At an observed outer
heating element temperature surface of 1400 C, therefore an estimated inner
hot zone temperature of ca. 1500 C, N = 1 X 10!% molecules/cm® (32 torr,
Reference 6). Assuming an effective path length of 20 cm results in a

calculated absorptance of:

Abs = 1 . exp[-(2 X 10719) (1 X 101%)(20)]
=1 - 0,02 = 98%.

That is, roughly 98% of the incident light is absorbed; 2% of the incident
light is transmitted. Again, this i{s only a rough calculation.

These initial Si0 experiments in the carbon furnace demonstrated that
the frequency doubling crystal and CCLAS system were behaving properly.
However, an absolute calibration of Si0 percent transmission (or absorption)
versus temperature was not conducted., Large uncertainties exist in both the
true temperature 1inside the carbon furnace and the effective path 1length.
Uncertainty exists in the furnace temperature because the pyrometer could not

view the inside surface of the heating element; instead, the pyrometer viewed

13




the outside surface of the heating element. Undoubtedly, these two
temperatures could differ by more than one hundred degrees. Uncertainty
exists in the effective pathlength due to temperature gradients and unknown
equilibrium conditions in the furnace. Both problems could be minimized if
the probe laser was steered through the transverse rather than the
lorgitudinal path in the furnace. The transverse pathlength would sample
only the region directly over the crucible in the center of the hot zone. 1In
this operating configuration, the pathlength (approximately 3 cm) would be
much better defined. Additionally, a better value of the single Q(18)
rotational 1line absorption cross section 1is required to estimate the

sensitivity of the method.

14




4.2 PLUME DETECTION OF S40 FROM PURE $10 SAMPLES

A small chunk of Si0, taken directly from the supplier’s bottle, was
mounted in a sample holder by 3 alumina rods fitted with three 5 mil diameter
tungsten wires (essentially eliminating conductive heat losses into the
holders) and placed on the carousel wheel inside the vacuum chamber. The
vacuum chamber was evacuated to 0.5 torr via a mechanical roughing pump.
Approximately 41 watts HF chemical laser output heated the Si0 sample; the
beam was ca. 1.5 mm X 1 mm (radius). An IRCON two color optical pyrometer
measured the front surface temperature; the viewing area of the optical
pyrometer was approximately 3 mm? ({.e. a 2 mm diameter circular area). HF
laser power was monitored via a calibrated beamsplitter. The frequency
doubled light was steered approximately 1 mm in front of the sample front
surface; transmitted frequency doubled light was detected by a UV sensitive
photodiode. The experimental apparatus is shown in Figure 5.

A typical scan from the CCLAS system is shown in Figure 6; panel a is the
HF power, panel b is the front surface temperature (in Kelvin) recorded by the
two color pyrometer, panel c¢ is the raw S$i0 signal plotted in percent
transmission, and panel d is the signal from the tellurium reference cell.
The SiO sample was heated to a temperature of ca. 1500 C and then the CCLAS
system began the wavelength scan. The three absorption peaks in panel c are
due to the Q(18), P(13), and R(26) rotational transitions of the A - X (0,0)
band of Si0 (see Figures 1 and 2 for computer simulated spectra). At 1500 C,
the number density (N, molecules/cm®), is approximately 1 X 101%. Assuming
an effective pathlength of 0.8 cm (the Si0 sample was approximately 6 mm long
in the probing dimension and the probe beam was ca. lmm in front of the sample

surface), the calculated percent absorptance is
Abs = 1 - exp[- (2 X 10729)(1 X 103%)(0.8)] = 15%
That 1s, 15 8 of the incident probe beam is absorbed; 85% of the probe beam is

transmitted, The calculated absorptance of 15% is a factor of 4 legs than

the experimental value; the following explanations could account for the

descrepancy:

15
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Figure 3: Microscale laser/materials plume probing apparatus. A
cw HF/DF chemical laser irradiated samples contained within the
vacuum chamber shown at the far right of the figure. A fast
reacting shutter controlled {irradiation times on target. An
optical delivery system provided accurately positioned irradiation
beams onto the target surface; realtime power on target was
measured by a power monitor equipped with a PbSe detector. Front
surface temperature was measured by a two color optical pyrometer.
The frequency doubled probe beam (see Figure 3) was positioned
approximately 1 mm from the sample front surface. Signals were
digitized, recorded and processed using a minicomputer system.
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SIO: FREQUENCY SCAN

S0t &) HF Power (W) 1
0l
r
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Figure 6: Data from "pure S10" heated by ca. 40 W of HF chmical
laser output. Panels a, b, ¢, and d shov the HF laser power,
front surface temperature, $i0 transmission signal, and Te
vavelength reference, respectively. The absorption peaks in panel
¢ are due to the R(26), P(13), and Q(18) rotational transitions of
the S10 A - X (0,0) band. Panel d shows a major Te absorption
line used as a wavelength calibration for the dye laser. The
arrovs mark the time CCLAS was scanning frequency, probing for S10
during the heating experiment.
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1) the effective pathlength could be longer than 0.8 cm; the sample chamber
dimensions are orders of magnitude greater than the sample size, and a white

film (presumably Si0,) was formed on portions of the sample chamber far awvay
from the target,

2) the probe beam, due to convective currents in the gas, may not have
sampled the highest density portion of the plume; the highest plume density
may be offset vertically from target center at a probe distance 1 mm from the

sample surface,
3) the absorption cross section could be incorrect (see section 4.1 above).

The first two theories could be tested by simply probing for Si10 in different
regions of the plume and vacuum chamber.

These initial laser heating/plume probing experiments on "pure SiO" show
the experimental apparatus was behaving properly. Post test visual
inspection of the Si0 sample showed brilliant purple, blue, and green colors
on the front surface of the test specimen. These are possibly due to
interference patterns caused by a freshly deposited thin film (possibly Sio,
or other oxide) on the substrate surface. Also, white powder and glassy

beads, presumably S10,, were observed on the front surface.
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4.3 PLUME DETECTION of $10 FROM MODEL SAMPLES

Samples were machined at HARC with a "diamond coated" cut off wheel.

Individual specimens of uncoated samples measured approximately 3 mm X 3 mm

X 1 mm (length X width X thickness, % 20%). Individual specimens of coated
samples (MS7 and MS8) had to be cut by hand and, therefore, were much less
reproducible in final fabricated size. Samples were held in a well
controlled environment of either a) vacuum (ca. 0.5 torr), b) 5 torr oxygen,
or ¢) 200 torr oxygen, and were heated to a maximum temperature of
approximately 1950 C by a normal incidence, 30 - 100 watt cw multiline HF

chemical laser operating at ca. 2.7 . The experimental apparatus, unchanged

from the pure Si0 plume detection experiment, is shown in Figure 5.

4.3.1 YACUUM , 5 TORR and 200 TORR OXYGEN EXPERIMENTS

Machined samples were individually weighed and mounted in holders
equipped with 5 mil diameter tungsten wires. The holders were then mounted
on the carousel wheel in the vacuum chamber; the vacuum chamber was purged
with helium and evacuated. The sample, in vacuum (ca. 0.5 torr), was heated
by the output of the HF chemical laser and the plume was probed for S§10 by
scanning CCLAS over a small wavelength interval; the dye laser scan took
approximately 15 seconds. In some {instances, visual observation of the
sample during laser irradiation were made. The sample was weighed again,
remounted in the holder, and the heating/probing experiment was repeated on
the same specimen in a 5 torr oxygen atmosphere. The sample was weighed a
final time in order to calculate mass loss/gain.

In the 200 torr oxygen experiments, the plume was probed for SiO by

scanning the dye laser frequency (i.e. no temperature scan experiments were

conducted). In all 200 torr oxygen experiments no S10 was detected; however,
interesting observations were made during these experiments. The samples
19




were weighed, mounted in holders, heated to temperature in a 200 torr oxygen
environment while probing for Si10, and weighed a final time. The
experimental results are presented below according to sample type.

Sic (MS1):

Figure 7 shows the data collected during the vacuum irradiation of MS1;
no Si0 absorption peaks were recorded. Figure 8 shows the data collected
during the 5 torr oxygen experiment; Si0 was easily detected as evidenced by
the R(26), P(13), and Q(18) transitions. Visual observation of the sample
under laser irradiation showed white hot "sparklers" being ejected from and
normal to the front sample surface. Post test visual Iinspection of the
oxygen/laser irradiation test specimen showed glassy beads had formed on the
sample and on the alumina and tungsten sample supports. Also, white powder
and glassy bubbles, presumably Si0,, were observed. The pre test sample
mass, post vacuum/laser irradiation test mass, and post 5 torr oxygen/laser
irradiation test mass were 21.177 mg, 20.884 mg, and 16.535 mg, respectively.

Figure 9 shows data collected during a temperature scan on a MS1 sample
in 5 torr oxygen. In this experiment, the dye laser frequency was held fixed
on the Q(18) 810 transition while the MS1 sample was heated. Visual
observation of the sample during laser irradiation revealed white hot
"sparklers"” being ejected from and normal to the front sample surface; also, a
blue, hemispherical shaped plume was observed. Post test visual inspection
of the oxygen/laser irradiation test specimen showed an abundance of white
powder and glassy beads/coating had formed on the sample front surface. The
pre test and post test masses of this MS1 sample were 24.698 mg and 3.475 mg,
respectively - a mass loss of 21.223 mg occurred during this experiment.

Figure 10 shows the data collected on a MS1 sample held in a 200 torr
oxygen environment; no evidence of any Si0 signal was detected from the dye
laser wavelength scan., Post test visual inspection of the sample showed
small, dark "mounds" had formed on the front surface of the sample, and a
small bead of material had formed on the sample edge. No white powder was
formed on the sample supports. The MS1 pre test and post test masses were
23.211 and 23.233 mg, respectively - a weight gain of 0.022 mg occurred as a
result of the experiment,

A second MS1 sample was taken to a higher temperature in a 200 torr
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Data collected for a vacuum environment, laser
irradiation of MS1. The arrows in panels ¢ and d mark the time
CCLAS was scanning frequency, probing for S$10 during the heating
experiment. From the data shown in panel c, no S10 was detected.
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Figure 8: Data collected for a 5 torr oxygen environment, laser
irradiation of MS1l. As evidenced by the R(26), P(13), and Q(18)
absorption peaks {n panel c, Si0 was detected. Note that the
sample temperature was higher when the R(26) S10 transition was
scanned compared to the sample temperature when the Q(18) S10
transition wes scanned; this temperature difference accounts for
the anomolous line intensities.
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Figure 9: Data collected for a 5 torr oxygen environment, laser

irradiation of MS1. The temperature of the sample was increased
by manually increasing the HF laser power. The dye laser
frequency was held stationary at the Si0 Q(18) transition. Panel
¢ shows the probe beam attenuation due to S10.
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Figure 10: Data collected for a 200 torr oxygen environment,
laser irradiation of MSl. The arrows in panels c and d mark the
time CCLAS was scanning frequency, probing for S10 during the
heating experiment. From the data in panel ¢, no Si0 was
detected.
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oxygen environment with different results than reported above. Figure 11
again shows no evidence of S10, but at approximately 2030 K the probe beam is
strongly attenuated. Indeed, visual observation of the sample chamber at
this time proved interesting. The sample chamber became iIncreasingly
luminous, the temperature rose quickly, and then the sample chamber "flashed"
with bright light. Possibly. at this higher temperature, CO pressure built
up at an internal interface which resulted in a explosion near the surface
ejecting sample particles which strongly attenuated the probe beam. Visual
inspection of the post test specimen showed several small glassy beads had
formed on the sample surface. Also, the alumina and tungsten sample supports
were heavily coated with white powder. Pre and post test sample mass was
21.881 mg and 8.940 mg, respectively - a mass loss of 12.941 mg occurred
during this experiment.
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Figure 11: Data collected for a 200 torr oxygen environment,

laser irradiation of MS1. The arrows in panels c and d mark the
time CCLAS was scanning frequency, probing for S10 during the
heating experiment. Si0O was not detected; however, the probe
beam was obvioualy attenuated. See text for discussion,
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S1,N, (MS2):

Figure 12 shows data collected for the vacuum irradiation of MS2; no Si0
was detected. Figure 13 shows the data collected during the heating
experiment with 5 torr oxygen in the vacuum chamber; no Si0 was detected
probably due to the low substrate temperature. Visual inspection of the the
post oxygen/laser {irradiation test sample showed moderate front surface
mndification. This MS2 sample’'s pre test mass, post vacuum/laser irradiation
test mass, and post 5 torr oxygen/laser irradiation test mass were 27.473 mg,
27.012 mg, and 26,760, respsectively.

Another MS2 specimen was taken to higher temperature in a 5 torr oxygen
environment; the data are shown in Figure 14. At this higher temperature, the
three distinctive S10 absorption peaks are easily identified. Post test
inspection of the sample showed white beads had formed on the front surface
edges. This MS2 sample’s pre test mass and post 5 torr oxygen/laser
irradiation test mass were 35.621 mg and 24.193 mg, respsectively - a mass
loss of 11.428 mg occurred during this experiment.

Figure 15 shows data collected during a temperature scan; 5 torr oxygen
was in the vacuum chamber. Visual observation of the sample under laser
irradiation revealed very few white hot "sparklers” being ejected from and
normal to the front sample surface; also, a blue, hemispherical shaped plume
was observed. Visual post test inspection of the sample showed white beads
had formed near the edges, and a white powder coated the sample supports.
Also, the bottom portion of the sample had been totally "eaten" away. This
MS2 sample’s pre test and post test masses were 29.463 mg and 15.193 mg,
respectively - a mass loss of 14.270 mg occurred during this experiment.

The temperature scan test was repeated for another MS2 sample; Figure 16
shows a similar temperature scan under the 5 torr oxygen environment. A
blue, hemispeherical shaped plume was observed which became brighter as the
sample temperature was raised. Post test inspection of the sample showed
white beads had again formed near the edges, and the same general portion of
the sample had been "eaten" away. This MS2 sample’s pre test and post test
masses were 32.200 mg and 13.743 mg - a mass loss of 18.457 mg occurred during
this experiment.
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As evidenced by both post test visual inspections of the 5 torr
oxygen/temperature scan specimens, an abundance of white powder and white
beads had been formed in both the temperature scan experiments. Furthermore,
in both temperature scan experiments, the sample was irradiated "on center”
yet essentially the same portion of each sample was "eaten" away. One
possible explanation for this reactive zone could be local heat convection in
the sample and surrounding gas.

Figure 17 shows data collected on a MS2 sample held in a 200 torr oxygen
environment; no S10 was detected. Post test visual inspection of this MS2
sample showed, similar to the first MS1 200 torr oxygen experiment, "mound”
formation on the front surface of the sample. However, on this MS2 sample,
the mounds were much more massive and glassy in appearance. No white powder
coating was formed on the sa:ple supports. Pre and post test sample masses
were 27.735 mg and 27.856 mg, respectively - a weight gain of 0.121 mg

occurred during the experiment.
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Data collected for a vacuum environment, laser
irradiation of MS2. The arrows in panels c and d mark the time
CCLAS was scanning frequency, probing for Si0 during the heating
experiment. Panel ¢ shows no probe beam attenuation due to S10.
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Figure 14: Data collected for a 5 torr oxygen environment, laser
irradiation of MS2. The arrovs in panels ¢ and d mark the time
CCLAS was scanning frequency, probing for Si0 during the heating
experiment. As evidenced by the three rotational transitions in
panel ¢, S10 was detected.
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Eigure 15: Data collected for a 5 torr oxygen environment, laser
irradiation of MS2. The temperature of the sample was increased

by manually increasing the HF laser power. The dye laser
frequency was held stationary at the Q(18) Si0 A - X (0,0)
transition. Panel ¢ shows the probe beam attenuation due to SiO.
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$1C/S4C COMPOSITE (MS3):

Figure 18 shows data collected during the vacuum irradiation of MS3. No
S10 was detected, but probe beam attenuation occurred for approximately 1
second during the experiment. Figure 19 shows data collected during the
heating experiment with 5 torr oxygen in the chamber; Si0 was detected.
Visual inspection of the post oxygen/laser irradiation test specimen showed
formation of a small amount of glassy beads on the substrate and supports as
well as a glassy coating on the alumina holder. This MS3 specimen’s pre
test, post vacuum/laser irradiation test, and post 5 torr oxygen/laser
irradiation test sample masses were 41.507 mg, 40.748 mg, and 38.755 mg,
respectively.

Figure 20 shows data collected during a temperature scan of a MS3 sample;
5 torr of oxygen was in the test chamber. Visual observation of the sample
under laser irradiation revealed an orange tinted plume at low temperature and
a blue plume at high temperature. Visual observation of the post test
specimen showed evidence of white glassy film and bead formation on the sample
surface. Additionally, a shiny, blue tinted, white coating had been
deposited on the the alumina sample supports. The MS3 sample pre and post
test masses were 40.940 mg and 34.453 mg, respectively a mass loss of
6.487 mg occurred during this experiment.

Figure 21 shows data collected on a MS3 sample held in a 200 torr oxygen
environment; no Si0 was detected, but beam attenuation obviously occurred
during the experiment; the observed beam attenuation is unexplained at this
time. Visual observation of the post test specimen showed glassy "bubble"
formation on the sample front surface. Pre and post test sample masses were
41.330 mg and 39.373 mg, respectively - a mass loss of 1.957 mg occurred
during the experiment. '
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Data collected for a 5 torr oxygen environment, laser
irradiation of MS3. The arrows in panels c and d mark the time
CCLAS was scanning frequency, probing for Si0 during the heating
experiments. As evidenced by the three rotational transitions in
panel c, S10 was detected.
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Figure 20: Data collected for a 5 torr oxygen environment, laser
irradiation of MS3. The temperature of the sample was increased

by manually 1increasing the HF laser power. The dye laser
frequency was held stationary at the Q(18) Si0 A - X (0,0)
rotational transition. Panel c shows the probe beam attenuation
due to S10.

38




-

MS3: 200 TORR OXYGEN: FREQUENCY SCAN

401} a) HF Power (W) )
m 3 -
! .
b) Front Surface
2000 | Temperature (K) !
L <
1800 ]
’oo L Ll L v L ¥ ]
b
80 | ]
6 | l
ol 1 J :
2t ¢) SIORaw (%T) © 82w (GHz) 90 J
3 4
‘oo L L \J L L] ’ ]
“ k 4
o | Z
3
ol 1
i d) Te Reference ‘ I )
0} Cell ! 1 ]
! 0 Aw (GHz) 45 1
0 ! 10 18 20 P 30 3
) Time (sec)
Figure 21: Data collected for a 200 torr oxygen environment,
: laser irradiation of MS3. The arrows in panels c¢c and d mark the
time CCLAS was scanning frequency, probing for S10 during the
heating experiment. From the data in panel ¢, Si0 was not
detected, but the probe beam was obviously attenuated during the

experiment,

39




Figure 22 shows data collected during the vacuum irradiation of MS7: no
S10 was detected. Figure 23 shows data collected during the heating
experiment with 5 torr oxygen in the chamber; S10 was detected. Visual
observation of the sample under laser irradiation revealed white hot
"sparklers" being ejected from and normal to the front sample surface; also, a
blue, hemispherical shaped plume was observed. Visual inspection of tne post
oxygen/laser irradiation test specimen showed evidence of glassy film and bead
formation on the perimeter of the sample surface; also, only a partial coating
of SiC appeared to remain on the substrate. The coating on the alumina
sample supports appeared, as above, as a bluish white film. This MS7
specimen’s pre test, post vacuum/laser irradiation, and post S5 torr
oxygen/laser irradiation sample masses were 27.872 mg, 26.742 mg, and
20.896 mg, respectively,

Figure 24 shows data collected during a temperature scan of a MS7 sample;
5 torr of oxygen was in the test chamber. Visual observation of the sample
under laser irradiation revealed several white hot "sparklers” being ejected
from and normal to the front sample surface; also, a blue, hemispherical
shaped plume was observed at low temperature (near the start of the heating
experiment), and a green plume was observed at high temperature (near the end
of the heating experiment). Visual inspection of the post oxygen/laser
irradiation test specimen showed that the entire SiC coating had been eaten
away, and a substantial amount of white powder or film remained on the sample
surface. The alumina supports are coated with a bluish white film and small
black fibers. The MS7 pre test and post test masses were 26.971 mg and
16.939 mg, respectively - a mass loss of 10.032 mg occurred during this
experiment.

Figure 25 shows data collected on a MS7 sample held in a 200 torr oxygen
environment; no S10 was detected, and no beam attenuation was observed.
Visual inspection of the post test specimen showed a bluish white coating had
been deposited vertically from the center of the holder - probably a result of

heat convection in the gas around the sample. Also, several "bubbles" ca.
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0.3 mm diameter and gold colored deposits were observed on the sample front
surface, Pre and post test sample masses were 28.661 mg and 24.112 mg,

respectively - a mass loss of 4.549 mg occurred during the experiemnt.
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Figure 22: Data collected for a vacuum environment, laser
irradiation of MS7. The arrows in panels ¢ and d mark the time
CCLAS was scanning frequency, probing for S$10 during the heating
experiment. Panel ¢ shows no probe beam attenuation due to S10.
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Figure 24: Data collected for a 5 torr oxygen environment, laser
irradiation of MS7. The temperature of the sample was increased
by manually 4increasing the HF laser power. The dye 1laser
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S1,N, COATED C/C COMPOSITE (MS8):

Figure 26 shows data collected during the vacuum irradiation of MS8: no
$10 was detected, Figure 27 shows data collected during the heating
experiment with 5 torr oxygen in the chamber; no SiO was detected probably due
to the low substrate temperature. This MS8 sample fell out of the holder
during the dismount from the sample carousel. Therefore, the sample surface
may have picked up debris from the vacuum chamber bottom plate. This MS8
specimen’s pre test, post vacuum/lagser irradiation, and post 5 torr
oxygen/laser irradiation sample masses were 21.204 mg, 21.197 mg, and
18.256 mg, respectively.

Another MS8 sample was heated to higher temperature as shown in Figure
28; S10 was detected. Visual inspection of the post test specimen showed
substantial front surface modification; the entire coating may have been eaten
away. Furthermore, glassy beads were formed on the tungsten sample holders
and a bluish white coating was formed on the alumina supports. This MS8
specimen’s pre and post test masses were 22.715 mg and 12.935 mg, respectively
- a mass loss of 9.780 mg occurred during this experiment.

Figure 29 shows data collected during a temperature scan of a MS8 sample;
5 torr of oxygen was in the test chamber. A blue plume was only observed at
the higher temperature range near the end of the scan. Visual inspection of
post test specimen showed that glassy beads and a bluish white film had
deposited on the alumina sample supports. Carbon fibers were found at the
edge of the sample, and a "loose" film (or, possibly, a bubble) was formed on
the back surface of the sample. This MS8 specimen’'s pre test and post test
masses were 26.307 mg and 16.019 mg, respectively - a mass loss of 10.288 mg
occurred during this experiment.

Figure 30 shows data collected on a MS8 sample held in a 200 torr oxygen
environment; no S10 was detected, and no beam attenuation was observed.
Visual observation of the sample during laser irradiation revealed a blue,
hemispherical shaped plume. This MS8 sample fell from the holder during
dismount from the carousel wheel. Apparently, the front surface was still
intact with moderate film formation. Additionally, post test observation of
the sample revealed that the substrate had "beaded” together or contracted
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underneath the coating. Pre and post test sample masses were 21.001 mg and
12.561 mg, respectively - a mass loss of 8.440 mg occurred during the

experiment,
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Figure 26: Data collected for a vacuum environment, laser

irradiation of Ms8. The arrows in panels ¢ and d mark the time
CCLAS vas scanning frequency, probing for S10 during the heating
experiment. Panel ¢ shows no probe beam attenuation due to SiO.
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CCLAS was scanning frequency, probing for Si0 during the heating
experment. From the data in panel ¢, no S10 was detected.
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Figure 28: Data collected for a 5 torr oxygen environment, laser
irradiation of MS8. The arrows in panels c and d mark the time
CCLAS was scanning frequency, probing for Si0 during the heating
experiment. As evidenced by the three rotational transitions in
panel c, Si10 was detected.
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MS8: 5 TORR OXYGEN: TEMPERATURE SCAN
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Figure 29: Data collected for a 5 torr oxygen environment,
laser irradiation of MS8. The temperature of the sample was
increased by manually increasing the HF laser power. The dye
laser frequency was held stationary at the Si0O A - X (0,0) Q(18)
transition. Panel ¢ shows the probe beam attenuation due to SiO.
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time CCLAS was scanning frequeacy, probing for Si0 during the
heating experiment. From the data in panel ¢, no Si0 was
detected.
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4.4 PRE- AND POST-TEST MICROSTRUCTURAL CHARACTERIZATION

Figure 31 shows the surface microstructure of the MS1 SiC standard
in the as-received condition (top), after testing at 5 torr of 09
(center) and after testing at 200 torr of 0, (bottom). Testing in the
active oxidation regime resulted in no protective film formation and
heavy attack of the SiC as shown in the center photomicrograph. Attack
appeared to be preferential at grain boundaries and was extremely rapid,
correéponding to several mils thickness loss in &8 matter of only 30
seconds. In the center micrograph. some residual S10, is present on the
surface. This material probably condensed during cooling after the test.
Testing in the passive oxidation regime (200 torr 0,, bottom
photomicrograph) resulted in a unifrom, protective 5§10, film and no
significant attack of the substrate. S10, balls” are distributed over
the uniformly oxidized specimen surface.

Figure 32 shows the gsurface microstructure of the MS2 Si4N, standard
material. Testing in the active oxidation regime (center) resulted in
attack of the 514N, surface with no protective film formation and with
generation of porosity in the surface. The exposure temperatures should
have been high enough to cause dissociation of the Si3N4, generating N,.
This is believed to be the most likely cause of the porosity. The rate of
active oxidation attack was significantly less than for MS1. Testing in
the passive oxidation regime (bottom photomicrograph) resulted in heavy
5§10, film formation. The presence of holes in the 5§10, film suggests that

the Si3N, dissociation was probably occuring under the 510, lﬁyer as
might be expected.

Figure 33 ghows the surface microstructure of the MS3 sic/sic
composite. No surface seal coating was present on the as-received
surface. Testing in the active oxidation regime (center photomicrograph)
resulted in no protective film formation and heavy attack of the
composite (several mils in 30 seconds). Note that the matrix phase
appears to be attacked somewhat faster than the fiber phase and that the

attack of the composite as a whole is quite non-uniform, with one large
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Figure 31. Surface microstructures of material Msl. Top, as received.

Center, after testing in S torr © Bottam, after testing in

200 torr 02. 2
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Figure 32. Surface microstructures of material MS2. Top, as received.

Center, after testing in 5 torr 02. Bottom, after testing in

200 torr 02.
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Figure 33. Surface microstructures of material MS3. Top, as received.
Center, after testing in 5 torr 02. Bottom, after testing in
200 torr 02.
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hole extending far into the remaining material. In the passive oxidation
regime (bottom photomicrograph) the edge of the Si05~covered region (to
the left in the field of view) is shown. Figure 34 shows the center
region of the crater in the left half of the bottom photomicrograph of
Figure 33 at a higher magnification. Although §10, was formed and the
attack was much less than in the active oxidation regime, Figure 34 shows
that fibers have been lost and that an S10, replica of the matrix phase

remains.

Figure 35 shows the surface microstructure of the MS7 SiC-coated
carbon/carbon composite. Testing in the active oxidation regime (center
photomicrograph) resulted in virtually complete removal of the coating
(ca. 10 mils in 30 seconds), although the remaining sealed, inhibited
substrate appears largely undamaged. In the passive oxidation regime
(bottom photomicrograph) a $§10, film is present but the film has been
disrupted in numerous places by bubble formatiom, which 1s not unexpected
at the temperatures attained. As noted in the discussion of
thermochemical modeling in Appendix 1, such bubble formation may be
relatable to inhomogeneities in the coating microstructure. It should be
noted that MS6, an uncoated version of MS7, was also tested, but
disappeard almost instantaneously, leaving no residual microstructure
other than a few beads of a material believed to be a B,03-based glass

composition.

Figure 36 shows the surface microstructure of the MSS8, S14N,~coated
carbon/carbon composite. Testing in the active oxidation regime (center
photomicrograph) resulted in slight attack of the coating surface (much
less than 1 mil in 30 seconds) and no protective film formation. Fine
porosity is distributed over the coating surface, indicating likely 514N,
dissociation, but on a much finer and more uniform scale than for the MS2
standard. Several cracks can be seen in the residual coating. Testing in
the passive oxidation regime (bottom photomicrograph) resulted in a
uniform 'S10, film over a virtually undamaged as-received coating surface
(compare the top and bottom photomicrographs). Several $10, “balls” are
present on the surface, as are a few "needles” of unknown material. In

the upper right there is a structure suggestive of a broken bubble.
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Figure 34. Higher magnification micrograph of the central region of the

SIO2 crater to the left of Figure 33 (bottom).
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Figure 35. Surface mjicrostructures of material MS7. Top, as received.
Center, after testing in 5 torr 02. Bottom, after testing in
2090 torr 02.
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Figure 36. Surface microstructures of material MS8. Top, as received.
Center, after testing in 5 torr Oz. Pottom, after testing in
209 torr 02.
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5.0 CORRELATION OF MODELING AND EXPERIMENTAL OBSERVATIONS

The details of thermochemical and kinetic modeling are presented in

Appendix 1,

The general agreement between the modeling predictions and behcvior
is good. Across the sample set, there was no spectoscopic detection of
$10 on vacuum exposure. If there were significant oxygen impurities in
the materials, or if they had been exposed to an oxidizing conditions for
sufficient time and temperature, a transient release of S10 would be
predicted. With the present data an estimate of the expected signal
cannot be made, but the method shows promise of significant sensitivty
improvements such that measurements of transient phenomena are a

reasonable objective.

The general observation in those tests which were carried out under
an oxygen pressure of 5 torr was that of active oxidation, with very
rapid loss of material from most samples. If the temperature-pressure
conditions employed in this series are examined in the light of Figure 7
of Appendix 1, which presents critical oxygen pressures as a function of
temperature for various assumed mechanisms for the active/passive
transition, it will be seen that the experimental conditons, in general,

li{e in the active oxidation domain at 5 torr 0, pressure

Interesting exceptions are to be found in the cases of MS2 and MSS.
These materials both present an Si4N, surface to the heating beam. It
will be noted in Figure 13, a frequency scan of MS2, the temperature
remained in the 1850 K range, or less. No Si0 was detected by the laser
probe. In Figure 14, again a frequency scan, the temperature ranges
around 2000 K and the Si0 spectrum is clearly obtained. Again with MS8, a
first frequency scan (Figure 27) reached about 1900 K and the probe
detected no 5S10. In a second scan (Figure 28) the temperature ranged to
perhaps 2150 K and the Si0 spectrum is found.

It 1s possible that there was active oxidation in the lower
temperature range, but at a rate too low for probe protection. It can
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also be noted, however, that for the lower temperature scans the
operating conditions lie above the line defined by the data of Hinze and
Graham (Reference 4, Appendix 1) in Figure 7 of Appendix 1. The fact
that both the Hinze and Graham active/pagsive transition data and these
two laser probe observations lie significantly below the theoretical
lines for simple gas phase transport control suggest that the details of

the active/passive transition may be complex.

Testing under 200 torr oxygen pressure failed to detect Si0 in any
case. In the passive regime there is no release of Si10 from the ideal
film. If the film is imperfect some transient release may occur that is
below probe detection, at current sensitivities. Some clear pressure
effects were obgserved in the 200 torr scans. In the data related to
Figure 11, the temperature ranged up to 2200 K, 1/T = .45x10'3. As shown
in Figure 1 of Appendix 1, the total interfacial pressure, consisting of
$10 plus CO, would reach some 3 atm. under these conditions.

Though the results are ambiguous, the active oxidation regime
results suggest a significant correlation between temperature and S1i0
absorbtion of the probe. Figures 9, 19, and 20 appear to show such a
correlation. In particular, the probe absorbtion is higher at higher
temperatures, indicating a high $10 concentration and rate of production.
There are clearly some temperature scans in which this correlation is not
found, though some may be attributable to coating burnthrough in the case
of coated materials.

The correlation of the temperature and rate in the active regime
relates directly to the question of the mechanism. If the process 1s
controlled by gas phase diffusion only a weak temperature dependence 1is
expected., If, on the other hand, the process is limited by a chemical
reaction step or other process with & substantial activation energy, the
a strong dependence of rate on temperature would be expected.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Laser probe spectroscopy has been clearly demonstrated as a'ﬁethod
for observing S10 in the near-surface environment of SiC and Si3N4 and of
materials coated with SiC or $14N, during active oxidation at low oxygen
pressures. Samples tested at higher oxygen pressures, predicted to lie
within the passive oxidation regime, did not provide measureable S10
signals but visual and micrographic examination of the sample showed
evidence of significant interfacial attack in some materials, as
predicted from general considerations of the thermochemical and kinetic
model.

Both in terms of sample requirements and operational testing time
the combination of the laser probe with metallographic examination is
extremely promisging. Tests to provide preliminary characterization of

materials can be carried out with minimal amounts of material

There are a number of ways that the application of this facility to
the investigation of high temperature materials can be made more
powerful.

All of the tests reported here were carried out using an HF laser to
provide the heating source. While this laser provides more than adequate
power, it is relatively unstable in output and costly to run for extended
periods. In future work a CO, laser will be availabe as the heating
source. The CO, laser is very stable and can easily be operated for
extended time periods.

Coupled with feedback from the pyrometer to provide temperature
control, the CO, laser would provide the capability of carrying out
investigations in which the sample could be carried through a sequence in
which a protective layer can be established by controlled, in situ,
oxidation at intermediate temperature and subsequently either raised to a
temperature that induces faflure or return to low oxygen pressures, in
the active oxidation domain, and the process of breakdown of passivity

explored.
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It is doubtful that the perfect film, {.e. uniform and flawvless,
accurately describes real world materials. It is by no means clear that
in, say, a cracked film, Si0 will reach the free surface. Exploration of
samples in the passive oxidation regiime with increased sensitivty would
be desirable and there are a number of means by which this could be
achieved. At the spectrum selective level, both the vibrational and
rotational transition selection could be changed to features with

increased transition probability or cross section. It is estimated that a

factor of 5 increase in sensitivity should be attainable by this means.
Further increase in sengitivity could be achieved by ratioing the signal
to the output power c¢f the probe laser. An overall sensitivity increase

of three orders of magnitude should be attainable.

The applicability of the method could be extended by identifying an
appropriate spectral feature for the determination of BO from boron-
containing species. A desirable, but more difficult, extension would
involve the direct detection of CO.

Although samples cut from larger pieces can be used, as has been
demonstrated, the availability of samples with all sides coated would
provide the opportunity to correlate other observations with weight
changes. Currently weight changes of samples cut from coated materials
would include any reactior of the uncoated edge or back side of the

sample,

ﬁodeling development should be fruitful both to more closely examine
the results in thermochemical terms, but also to better characterize the
technique. Samples have been, and very likely will continue be, heated
with a laser beam smaller than the sample dimension. The heat flux into
the sample takes the form of a roughly Gaussian distribution. This needs
attenticn in our examination of the data.

With thoughtful development, laser probe testing can be expected to

provide a reliable and meaningful tool for the testing and evaluation of

high temperature composites and their constituent material. The method
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may also provide a basis for estimating long term performance from short
term testing.
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APPENDIX 1
MODELING

1.0 Introduction and Summary

A major objective of the modeling carried out in this program was to
identify the conditions under which the test materials might be
expected to fail as a consequence of the interaction between any
protective layer formed by oxidation and its substrate, which may be
either a protective coating or composite substrate substrate
material, and to identify the expected gaseous species. The results

are presented in Section 2., thermochemical calculations.

In addition available kinetic models were examined from the
viewpoint of expectations in spectroscopic examination of the near-
surface gaseous environment. The results of these consideration are

presented in Section 3.,

2.0 Thermochemical Calculations

In principle, all of the materials examined experimentally,
presented an outer surface of SiC or S14N4. For each of these of
utility in a high temperature oxidizing environment is based on the
formation of a protective layer of S5i0;. One of the limits
encountered by such materials derives from the interaction of the
S10, layer with 1its substrate to produce gaseous species at
pressures sufficient to d.srupt the film. These reactions have been
examined, considering both the pressures and compositions of the

gaseous products.

Chemically vapor deposited SiC or Si3N, coatings in general contain
some excess Si, S1C, in addition, contains free C and in any case
there is the potential for interaction with the carbon substrate
when the objective is a carbon/carbon composite protection system.
For these reasons, the interaction of 8102 with S1 and C have also

been examined.
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Appendix 1

In addition, while not examined experimentally, a number of
carbon/carbon composites contain boron as an oxidation inhibitor.
The mechanism of protection again depends on the ability of an
oxide, B,045 in this case, to limit the access of oxygen to the

underlying matrix.

Finally, a proposed complex ultrahigh temperature composite is

examined.

The thermochemical evaluation 1s based on an idealized protective
layer. While the analysis points to temperatures at which the
protective layer might be expected to fail via film disruption it
can neither precisely define these conditions, which depend on
viscosity and surface tension factors, nor evaluate the rate of

oxidation, which may become unacceptable even with an intact layer.
2.1 sic/si0,

Over most of the temperature range the interaction can be described

by the reaction
SiC + 2 5§10, — 3 si0(g) + Co. (1)
This reaction produces S10 and CO a ratio of three to one.

Both CO and S10 are unusual in that their stability, measured by the
free energy of formation, increases with increasing temperature. CO
is, however, more stable than $S10, and increasingly so at higher
temperatures, At the high end of the temperature interval
considered the composition of the gaseous products involves the

additional reaction

SiC + si0 — 2 si + CoO. (2)
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Appendix 1
The equilibrium constant for this reaction takes the form

So long as the value of K is less than 1/3 the products are as
indicated by reaction (1). From the tabulated thermodynamic data
the temperature at which K for reaction (2) equals 1/3 is found to
be 2011 K, based on the relation

Z&S - R 1nK .

Above this temperature the C0/S10 ratio increases and silicon would

be expected from the reaction.

The results for this system are presented in Fig. 1. The total
pressure reaches 1 atmosphere at 1800° C (3300° F).

2.2 Si3N4/5102

The stoichiometric reaction between the protective layer and the

substrate can be described by the reaction
1/3 S14N, + S105 — 2 Si0 + 2/3 Ny. (5
In addition, the nitride can decompose directly by the reaction
Si3N, —~ Si + 2 Nj. (6)
Above 1652 K the nitrogen pressure from (6) exceeds that estimated
from the stoichiometric reaction (5). The procedure for estimating
pressures above that temperature was to use the nitrogen pressure
from the decomposition reaction in solving the equilibrium equatiocn

for reaction (5) for S10.

The results are shown in Fig. 2. Only the N, pressure is shown above
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Appendix 1
2000K. The free energy of reaction (6) becomes zero at 2067 K.
Assuming a one atmosphere limit, reaction (5) then becomes

equivalent to the reaction of §510, with Si.

2.3 810,/84

The basic reaction is
Si + 5102 - 2 5i0(g). (@)

There are no complications from multiple species in this case. The

calculated results are shown in Fig. 3.
2.4 si04/C

For the reaction of 5102 with carbon it is convenient to start

with the stoichiometric reaction

$105 + C - $10(g) + CO . (8)
However, since the free energy of formation of CO is more negative
than that of §S10, i.e. CO is more stable, it is also necessary to
consider the reaction

C + S10(g) — CO + s1 . (9)
The equilibrium constant for (7) has the form,

K = (810)(cC0), (10)
while the equilibrium constant for (8) has the form,

K = (C0)/(s10). (11)

The two expressions together determine the system. In evaluation it
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will be found that the CQO/S1i0 ratio is always greater than unity.
This implies that Si will also form in the $10,/C reaction.

The pressures in the 8102/C system are shown in Fig. 4,

2.5 Boron—Based Inhibition Systems

The uncoated substrates for some carbon/carbon composites contain .
elemental boron and zirconium diboride to inhibit oxidation. It is
assumed that the inhibition effect is via the formation of a B0,
layer which reduces direct access of oxidants to the composite

substrate.

Although the equilibrium form for boron in the carbon-carbon
composite system would be B,C, under fabrication conditions the
boron remains primarily as elemental boron, with only a small amount

present as the carbide on the basis of x-ray diffraction results (1).

The system 1s therefore treated to be C, B, B,03, and ZrB; as
condensed phases and the pressures of potential gaseous species are
calculated. The oxygen source is the B203. The oxygen activity, or
pressure, can be calculated from either the B/B,03 or the C/B,03
equilibrium. The former was chosen.

The reactions considered are the following:

2 B(s) + 3/2 0 — B,04(1) (12)
C+1/20, - CO (13)
C+0, — CO, (14)
By03(1) — B,03(8) (15) ’
B,03(8) — By0,(g) + 1/2 0y (16)
A8
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B,0,(8) — 2 BO(g) (17)

The results of the calculation are shown in Fig. 5 It will be noted
that CO is the dominant species and that BO, the most accessible to

spectroscopic measurement, is relatively rare.

2.6 Summary of Simple Coating and Inhibition Cases

Gas compositions of the order calculated for the §10, substrate
might be observable in the very earliest stages of S{0, layer
formation or, possibly, under bubble failure conditions. It should
be recognized that in cases where oxygen access and product removal
occur via mechanical defects in the protective Si0, layer the
composition of the product gas phase will not, in general,
correspond to that of the S10,/substrate interface. In such cases
the kinetics of reactions to the stable oxidized species, $i0, and
COy, will ultimately determine the possibility of observing the
predicted interfacial species.

The total pressures at several temperatures in the 2500°-3500° F
range are presented in Table 1.

Table 1.

T, °F Total Pressure, Bars

S10,/81C  S10,/S13N,  $10,/C  S10,/S1

2500 5x10°3 6x10°5 2.5x10°2 3.5x10 °
2750 3x1072 4x10~2 0.18 3x1072
3000 0.18 0.26 0.93 0.21
3250 0.98 1.0 4.2 1.0
3500 3 5 15 4

In general, the pressures observed at the 3102/x interface are very
similar, except in the case of carbon. So far as film disruption by

bubble formation is concerned, carbon is clearly the most agressive.
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Appendix 1

2.7 Complex, Ultrahigh Temperature Composites

One of the materials made available to the program but not tested
was a complexcomposite from Babcock & Wilcox, examined in the course

of their PRDA program on ultra-high-temperature composites.

By weight, this material is 67.7% A1N, 22.1% S1C, and 10.2% BN. It
was anticipated that the ALIN and SiC would form a solid solution,
with the BN present as a dispersed toughening phase. X-ray
diffraction studies of the material fabricated indicated, however,
that the starting materials retained their individual
crystallographic phase identities.

The AIN and SiC were used in such proportions that the oxide surface
layer would have a composition corresponding to mullite,
3A1,04°28105. X-ray diffraction of the surface material after high
temperature exposure showed mullite and alumina. Amorphous phases

also were found in some of the thermally treated samples.

The estimation of gas phase species and pressures in this system is
more difficult than the simple binaries considered above. Rigorous
equilibrium conditions are ruled out. In the usual model of a
protective oxide layer, a diffusion gradient of oxygen is assumed
between the exposed surface and the oxide/substrate interface.
Precise application of this model would find the most energetic
oxidation, that of AIN in the present case, occuring nearest the
interface, then SiC &t a somewhat higher oxygen potential, and
finally BN nearest the free surface. Such a model, however, exceeds

>:r knowledge of kinetic and transport properties.

The workable assumption will be made that at the interface the oxide

product species may all contact all of the phases in the composite.
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As in earlier assessments, the projected attack at the
oxide/substrate interface involves the interaction of oxide species,

acting as oxidizing agents, with substrate components.

For the present system, ALN is the most powerful reducing agent over
the temperature range considered, i.e. up to 2200 K or 3500° F, the

processes leading to the highest vapor pressures are:

2 5105 + 4/3 ALN =~ 2/3 A1503 + 2 510(g) + 2/3 N, (18)

and

2 By0q + 4/3 AIN — 2/3 Aly03 + 2 ByOp(g) + 2/3 Np. (19)

(Because of the increasing stability CO with increasing temperature

at somewhat higher temperatures the reactions:

2 510, + SiC - 3 S10 + CO (20)
and

2 3203 + SiC —~ 2 3202 + 510 + CO (21)
would become dominant.)

In predicting the thermochemical behavior in these systems there is
a problem associated with multiple gaseous products. It has been
arbitrarily assumed that the gaseous products will maintain
stoichiometric relationships, {.e. their pressures will be in the

same ratio as they appear in the chemical equation.

It is probable that this approach will overestimate the $i0(g) and
B,0,(g) pressures at low pressures. The operation of the protective
oxide layer assumes that oxygen diffuses in through the oxide layer
and reacts at the interface. In the case of nitrides this means that
the product nitrogen must diffuse out from the interface. The
nitrogen activity at the interface must be equal cr greater than

that of the surrounding atmosphere.
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At higher temperatures and pressures, where we may expect to see
failures by detecting gas species as the film is ruptured, the

arbitrariness 1s less serious,

In addition to 510 and B,0,, the partial pressure of B,04(g) 1s
easily calculated assuming the activity of B,04 in the condensed
phase is approximately unity. The phase diagram of the
Al1,04/8105/B504 does not show any ternary compounds but at the
highest temperatures, above say 2000K (3100°F), the condensed phase
would be present in a liquid phase in which it's mole fraction could
be as low as 0.14. The pressures of species derived from B,04 may

thus be overestimated in the higher temperature range.

The expected pressure of BO(g), more favorable for spectroscopic

determination, is calculated from the reaction,

B,0, —~ 2 BO. (22)
It was noted above that Al and Si were present in the composite
in proportions that should yield the composition of mullite upon
oxidaticn. The to the extent that it 1s combined in mullite the

activity of the $10, 1s reduced. One can substitute the following

reaction for the Si0, reaction,

3A1504°2540, + 4/3 AIN —~ 3 2/3 Al1,04 + 2 S10 + 2/3 N,. (23)
The "burying” of the Si0, in mullite increases the free energy of
reaction by some 25-35 kJ over the temperature range and reduces

the Si0 pressure to a value comparable to that of B,0,.

Over most of the temperature range the highest CO pressure derives

from the reaction
2 510, + siC — 3 S10 + CoO, (23)

but at the highest temperature the reaction

Al4
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S10 + S1C — 2 S1 + CO (24)
results in a higher CO pressure.

Clearly any S1 produced would be temporary. As the reaction front
moved into the matrix any 31 left behind would encounter increasing

oxygen potential and revert to 5i0,.
The calculated pressures are shown in Fig. 6 as log P vs 1/T.
The line for CO shows the crossing from two sources at ca. 2070 K,

When the expected gas specles pressures estimated of this ultra-
high-temperature composite are compared with the pressures modeled
previously for simpler, and presumably also lower temperature,
materials it is striking that the total estimated pressures are in

fact higher at the same temperatures.

In thermodynamic terms it is the outstanding stability of Al,;05 that
accounts for this. Although AIN is very stable against thermal
decomposition to the elements, this stability 1s not sufficient to
offset that of Al,03. As the temperature goes higher the increasing
free energy of CO makes SiC more and more powerful as a reducing

agent.

In assessing the stability of any metal compound; nitride, carbide
or boride, the stability with respect to corresponding metal oxide
must be corsidered as well as the stability of the compound itself
if the material 48 in fact to be exposed to an oxidizing

environment.

3.0 Kinetic Considerations

It should be noted that all of the thermochemical results that are

presented here are based on the assumption that the rate controlling

AlS
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process in the development of the protective 510, layer is the
trangport of oxygen from the environment to the SiOZ/substrate
interface. This means that for all of the systems here considered

the interface is a strongly reducing environment.

In the case of Si3N, the overall development of the reaction
requires that N, be removed from the interface. Where either SiC or
C are fuveclvad, carbon must be removed from the interface, as CO

diffusing through the 510, layer.

In the case of SiC, it has been suggested that CO diffusion through
5109 might become rate limiting. However Cappelen, Johansen, and
Motzfeldt (2) found the rate of oxidation to be almost ten timcs as
rapid with Hy0 as with oxygen. The increased rate is attributed to
increased mobility and solubility of H,0 compared to oxygen. If CO
transport through $i0, were rate limiting in oxidation in dry 0y,
the consequence in Hy0 oxidation would be film disruption.

CO is somewhat smaller than 0, suggesting favorable mobility. The

writer is not aware of any solubility data.

An obvious question is why the inward diffusing 0y does not react
with the CO to produce CO,, which would be practically immobile.
Cappelen et al suggest that the concentrations are sufficiently
small that interaction is unlikely. An alternative is to comnsider

the required reaction,

CO + 0y — COy + O. (25)

. In the absence of the free radical environment of a flame, it seems
plausible that a binary reaction would be required. Using gas phase
- data at 1800 K, the heat of reaction is ~-5.7 kcal and the free
energy of reaction is 1.9 kcal, i.e. the reaciion is near neutral
even in the gas phase and a sufficient CO concentration would remain

to carry some oxygen flux, In the condensed phase, the same
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increased molecular size of CO, which would reduce mobility would,
in all likelihood, increase the free energy of reaction (25),

shifting the equilibrium to the left,

If any step in the overall process other than the diffusion of

oxygen through the protective S§i0;, layer becomes limiting or
contributes significantly to the limitation, then the oxygen
activity (pressure) at the interface will move in the direction of
the oxygen pressure of the environment. In this case, the reactions

presented previously will be overwhelmed by the following:

SiC + 2 05 — 5105 + CO, (26)

SigN, + 3 05 — 3 510, + 2 Ny @7n
and

C + 0, — CO,. (28)

In every case the pressures resulting from these reactions far
exceed those from the reactions considered previously, in which 8102

is the oxygen source.

The model of a process limited by diffusion of oxygen through a
condensed phase cannot be appropriate to an unoxidized material,

though some degree of oxidation may occur in fabrication.

For materials which form volatile lower valent oxides, as do both Si
and B, it is sometimes observed that at low oxygen pressures the
volatile lower oxide evaporates as fast as oxidation can occur,
leaving a fresh surface for oxidation to continue. For such
materials, as the oxygen pressure increases a pressure is reached at
which the higher valent, non-volatile oxide forms, covering the
surface and resulting in a transition to the condensed phase

diffusion limited process of the oxide scale is in fact nrotective.

Al8
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The classic paper of Wagner (3) provides a mass transport limited
model predicting an active-passive tranaition in Si oxidation at
low, and predictable, oxygen partial pressure. Reasonable
qualitative agreement with this model was obtained by Hinze and
Graham (4) for the oxidation of Si and SiC, though with some
complex behavior for Si. Gulbransen and Jansson (5) employed a
similar model to elucidate the Si1 and SiC oxidation processes, but

. under molecular flow conditions.

The original Wagner model was developed on the postulate of balanced

oxygen flow to and from the surface at steady state. In the case of

Si, the Si0 leaving the surface providing an oxygen atom flux equal
to the inward flux of 05. The chemical reaction was assumed to be
very fast. At low oxygen pressures, the Si0 pressures of the

reaction

Si + 1/2 0, — 8510(g)
would be less than the quilibrium pressure for the reaction

510, + 84 -~ 2 sio0.
When the oxygen pressure reachs a value such that the surface
equilibrium concentration of S10 in reaction (30), 510, forms,the
oxygen can reach the interface only by diffusion through the $10,,
and the oxidation shifts to the passive regime.
On an analogous basis, one might expect the reaction

SiC + 0y — S10 + CO (29)
in the case of SiC, with the combined S10 and CO flux balancing the

N 0, flux. The critical condition for active passive transition being

that the S10 and CO concentrations at the surface reach the

equilibrium values for the equilibrium,

Al9
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SiC + 2 8102 - 3 810 + Co. (30)

Gulbransen and Hinze and Graham found that their experimental data
for the active/passive were more nearly in accord with the

assumption that the oxygen flux carried by CO in the reaction
2 84C + 810, — 3 81 + 2 Co (31)
Balanced the in 02 from the environment.

The critical oxygen concentrations for both equilibrium assumptions

and for the analog of (29) and (30) for Si3N, are shown in Fig. 7.

Because of its significance in semiconductor fabrication the Si
oxidation process has received the greatest attention. A widely
cited model 1s that of Deal and Grove (6). This model, sometimes
refered to as the linear-parabolic or LP model, which has correlated
a great many observations, assumes an initial linear growth process
followed by a parabolic stage. The linear stage is assumed to be
assoclated with a surface reaction rate limitation, In the
subsequent parabolic stage the rate limiting process is diffusion
or reactants through the thickening oxide layer. Temperature
dependence of rates are consistant with observed diffusion processes
in the parabolic stage. For the linear stage an activation energy of
45.3 kcal 1is derived from the data. This is comparable to the
estimated S1i-S{ bond strength. If the surface reaction rate is
sufficiently low the Wagner assumption of near zero oxygen
concentration at the clean surface would not hold. However, the
reaction rates reported by Gulbransen et al exceed the linear rates
derived by Deal and Grove for Si. (Though Costello and Tressler
applied the Deal, Grove model to SiC (7), the scatter of the data

precluded a meaningful estimation of the linear rate constant.)

The available literature indicate that three stages may be required
to fully describe the behavior of Si, and Si containing materials
such as SiC and Si3N4: a gas phase transport limited active regime
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at low oxygen pressures, a linear regime in with the surface covered
but by a layer so thin that surface reaction rate rather oxygen
transport in the condensed phase is limiting, and the parabolic
regime in which the oxidation rate is dependent upon the rate of 0,

transport through the surface oxide layer.
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SURFACE TEMPERATURES OF SMALL LASER-IRRADIATED TARGETS
M. SPARKS *

September 36, 1987

There are a number of well Known results Ffor the surface

temperatures of laser—-heated solids that are wvalid under various

conditions., However, mone of these apply to the present case of
small targets under continuous laser irradiation at irradiance
levels below the mast~removal threshold. The results of the

calculations for this case below are remarkably simple when the

following assumptions are satisfied:
i, The thermal time constant

2
Yenr Z R4k 2 3.256-2 5 (6.7 53! <1

tor thermal diffusion over distance R (target radius), and the

thermal time constant

CenL 2 L7k = 5,206-3 s (8.1 =) (2)

for thermal diffusion over Cistance L (target thickness) ars

short with respect to the heating time (the time required for the

*
BDM Corporation
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lagser to heat the target to the final steady-state temperature T{

in the absence of cooling of the target)
t4 = (Tf - Ta)CU/P = 9.62 s [0.57 s, (2

where T. is the final steady-state temperature, T0 is the

initial temperature, and the other parameters are listed under

equaticon (4.

These approximations are summarized as follows:

tthR ot tthL << te. 4
2. The transmittance of the target is Zero.
Specifical ly, all of the irradiance that is not reflected is

=)
absorbed in the target. Thus, the absorptnace A is

A=<1-R{_e{), (5
3. The absorptance and emittance are from wvery thin
surtace layers. That 1is, the absorption lengths for both the

laser radiation and the thermal-radiation spectrum are short with

w
1]

rezpect to the target thickKness.

The numerical wvalues in equations (1) through (4) that are

not 1n brackets are for silicon carbide and those in brackets are

A24




Target radius

Target thickKness
Refractive index2
Reflectance
Absorptance (1 - Rrei)

Heat capacity

Thermal conductivity
Thermal diffusivity

Surface area
Volume
Feradiation emittance

absorcbed power

Lazer-beam dimensions

(l/e2 axis lengths) D

3(4]

A

ref

srf

]

major

minor

.15 cm [(same]l

.86 cm [samel

2.956 [¥¥ value needed %X%X1]

= 0,192 [8.8%9 measured]

g.888 (8.

= 2.42

911

3 2
J/em™K (2.8 J/cm’K,

verify]

8.42 W/emK [1.57E-2 W/cmKl44

8.173 cm%/s [8E-3 cmZ/s]

= 2MR(R

2

1{RL=4I

1 (samel
32(0.288)

[26¢D.%1)

The pxpecimental results are as follows:

|
(8]
-
—
W

2

+ L) = 08.198 cm

{samel

24E-3 cm3

28.5 W

23.7 Wl

cm [(samel

cm [samel

final (steady-state) front-surface temperature

front

final temperature difference T

1,943 K [1903 K1

front

Tdif = 38 K (128 K, very roughly]

A25
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time constant for approach to the steady state

t; ~ 3.5 s (samel.
Since the approximations of short time constants in
gquations  (4) are well satisfied for silicon__cachide, the
calculation_of_the sucface _tempecaturce is trivial because the
temperature remains very nearly spatially constant throughout the
target at all times of interest. Thus, the steadw=-state
tempecatuce is obtained simply by equating the absorbed power P

to the power loss by thermal reradiation

This gives

T, = Preoay 2 2,240 k 12,140 K3, (&)

in excellent agreement with the experimental value of 1,743 K

(1,793 KJ.

The diffecence _between__the front-surface and _rceac-sucface
tempecatuces is estimated as follows: Approximately hal+t of the
reradiation is from the rear surface for the thin targets.
Thermal conduction carries this energy from the front surface

where |t 15 absorbed to the rear surface where it is radiated.
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Equating the thermal current

JTRE = _K(dT/dx) TR = (KT /L) TR”

tc the power radiated from the rear surface

q1ves the steadv-state heat-conduction equation
(KT . /L) 1RZ = P2 | 7
di+f =

which gives

Tais = PL/2IRZK = 29 K [448 K formallyl, (8

1n excellent agreement with the experimental wvalue of 38 K for
silicon carbide. The wvalue of €48 K for silicon nitride is a
poor estimate because the approximations in equation (4) are not
satisfied. An  improved calculation for silicon nitride is

discussed beslow.

the intersection of linear temperature increase for the case of

no caoling
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Ty = T = Py, (%

{which is obtained directlvy <from energy conservation) with the
constant steady-state wvalue. This gives the expression for t{

in =gquation (3.

The numerical value of 8.62 s [B.57s) in equation (3> 1s a
tactor of 5.6 (6.1] shorter then the experimental wvalue of 3.5 s
{2.5s]. This difference is too great to be explained by Known
cources of errors. A lower thermal conductivity could give rise
to & longer time constant if the thermal conductivity were so 1ow
that equations (4) were not satisfied. However, the ditference
bztween the front-surface and back-surface temperatures would no
longer be correct. Furthermore, the thermal conductivity would
have to be lower by two orders of magnitude in order to explain

the long time constant for silicon carbide.

A lower absorptance (lower P) would give rise to a longer
time constant, but the final temperature would then be incorrect.
An absorptance that was lower at the beginning of the laser pulse
and was equal to one at the end of the pulse possibly
could expalain both the Jlonger time constant and the final
temperature. Such shortening of the absorption lenqgth is of
course well Known in laser damge experiments with pulsed lasers.
Howewver, zuch shortening is wunlikely in the present case of

continuous (cw) irradiation of impure silicon carbide and silicon
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nitride targets, First, these targets are black (in the visible
regicn) ., Second, the graewing absorption sites that are
responsible for the shortening in the pulsed case

do not become

very hot and grow under the slow heating of contiuous operation.

In passing, it is important to realize that pure hexagonal

silicon carbide is transparent from 0.2 to 12 Mmz, By contrast,

the targets used in the experiments are nearly black.

The tiwe_dependence of_the _tempecature is easily calculated

forr the case in which the assumptions above are satisfied.

Equating the rate of charge of the target energy

CVdT/dt
to the net power into the target

- 4 4
P - &g(T" _
TG )Asrf

and intergating the simple first-order differential equation

gives

th = Cl/7@4nl(L + THC1 = T )1 + (1/arctanT, €10

where t = t/t; and T, =T/T;. Equation (10) is useful as it

ztands, even though it cannot be solved explicitly +for Tn as a
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function of ¢t

At short times (t_ <C 1), equation (18) gives

5
T =t - (1/5t 'SBD)
n n

and for very long times (tn >>> 1), equation (18) qgives

Tn 1 - exp(-4tn). 12>

From equatiaon (18) it 1is easy to show that the temperature
tollows the linear asvmptote (first term in equation (11D
closely for t_ < 1 and follows the constant temperature asymptots
(first term in equation (12)) closely for tn > 1. Thus, the

approximation
T =t

9
n n for t_ < (137

z 1 - exp(-dtn), for tn > 1 (13bJ

iz sufficiently accurate for most applications. The asymptotes

and a rough plot from equation (10) are shown in Fig. 1.

MNext consider materials such as silicon__pitride for which
the approximations 1n equation (4 are not satisfied. The
difference between the front-surface and rear—-surface

temperatures must be taken into account. The spatial wvariations
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across the zurtacee are neglected, The steady state energy-
balance equation (4) must then be replaced by

R 2 4 o2 4 4
P = 50TR o _ ’
iromt  * SOWRIT T4 SG2MRL(T. - &7, (14

is the front-surtace temperature, Trear is the-rear
temperaturs,

and 4 accounts for the temperaturs
difference between the front-surface temperature

and the
temperature of the rim of the target. Equation (14) can be
written as
q 4q 4. 1/4
T = - - - (15
rear [TP Tfront (2L/R)(T{ront A 1 s (1S
were
TP = (P/'3<>’1L'R2)1/4

= 2,770 K for silicon nitride,.

The temperature difference between the front and rear surfaces is

determined by equation (7) with the right-hand side

replaced by
the correct rear-surface radiation cooling:

. 4 )
KTgigrL = soT .. (16

Equations (15 and (16), along with
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dif = Tiront = Trear®

determine the values ot T ¢

A

fron
2asily solved numerically.

S

in equation (1%

A value of T

follows: ¢

as

Trear is calculated from equa

alculated from both equation (

trial value of T is then

front

betwzen the two calculated valu

The iteration is continued

equal.

For silicon nitride this g

Téront = 2,248 K

and

389 K.

dif

The agreement between this

tront—-surface temperature and

iz Qood. The difference betwee

tor the temperature difference

Koo not good. The differe

m

inaccuracy in the experimental

U.S. GOVERNMENT PRINTING OFFICE: 1989-648-056

(172

and T These equations can be

rear’

simple estimate 1is obtained by

and iterating equations (13> and

is assumed and the value of

ront

tion (13, The wvalue of Tdif is

16) and equation (170, A new

chosen, based on the difference

es of the temperature difference.

until the two values of Tdif are

ives

a1

8]

from the

calculated of 2,240 K

the experimental value of 1,783 K

n the calculated wvalue of 388 K

and the experimental value of 1z@

nce may be the result of the

value for silicon nitride.
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